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Abstract: The potential of boron-containing lipids with three different structures, which were 
intended for use in boron neutron capture therapy, was investigated. All three types of boron lipids 
contained the anionic dodecaborate cluster as the headgroup. Their effects on two different tumor 
models in mice following intravenous injection were tested; for this, liposomes with boron lipid, 
distearoyl phosphatidylcholine, and cholesterol as helper lipids, and containing a polyethylene 
glycol lipid for steric protection, were administered intravenously into tumor-bearing mice (C3H 
mice for SCCVII squamous cell carcinoma and BALB/c mice for CT26AVT colon carcinoma). 
With the exception of one lipid (B-THF-14), the lipids were well tolerated, and no other animal 
was lost due to systemic toxicity. The lipid which led to death was not found to be much more 
toxic in cell culture than the other boron lipids. All of the lipids that were well tolerated showed 
hemorrhage in both tumor models within a few hours after administration. The hemorrhage could be 
seen by in vivo magnetic resonance and histology, and was found to occur within a few hours. The 
degree of hemorrhage depended on the amount of boron administered and on the tumor model. The 
observed unwanted effect of the lipids precludes their use in boron neutron capture therapy. 
Keywords: liposomes, histology, magnetic resonance imaging, pharmacodynamics 

Introduction 

Boron neutron capture therapy (BNCT) is potentially a very effective method for the 
treatment of localized tumors.''^ For this therapy to be successful, boron- 10 must be 
accumulated in concentrations of more than 10-20 ppm in the target tissue.^ '' For the 
therapy to be successful, the chemical form of the boron compounds, and their pos- 
sible binding to components of the blood and tissues, are of little importance as long 
as there is a sufficient amoimt of boron in the target tissue. As the amount of boron in 
the tumor should be as high as possible, compounds should contain boron units with as 
many boron atoms as possible. This is best achieved with tumor targeting compounds 
containing boron clusters, such as the o-carborane (Bj^iC^), nido-carborane (BgC2[l-]) 
or closo-dodecaborate (Bj2[2-]) clusters. The latter two are ionic, whereas the former 
is electrically neutral and very hydrophobic. 

Up to now, only two substances are in clinical trials for BNCT, namely 
p-dihydroxyborylphenylalanine and NajBj^HjjSH (BSH). However, neither of these 
have optimal accumulation properties in tumors, dihydroxyborylphenylalanine accu- 
mulation being limited and short-lived and BSH accumulation being not very selective, 
except in brain tumors. Hence, they are not optimal boron delivery agents. Better com- 
pounds are therefore very much sought after. In order to possess potential in BNCT, their 
toxicity should be low so that enough boron can be delivered for successful therapy. 



submit your manuscript | www.dovepre 

Dovepress 

http://dx.doi.org/1 0.2 1 47/IJN.S6S 1 66 



International Journal of Nanomedicine 2014:9 3583-3590 



3583 



© 2014 Schaffran et al. This work is published \tf Dove Medical Press Limited, and licensed under Creative Commons Attribution - Non Commercial (unported, v3.0) 
I License. The full terms of the License are available at http://creativecommons.or^/licenses/by-nc/3.0/. Non-commercial uses of the work are permitted without any further 
permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on 
how to request permission may be found at: http://www.dovepress.com/pennissions.php 



Schaffran et al 



Doveore<;s 



Recently, a number of research groups, including the 
current authors, have concentrated on the synthesis of lipids 
containing ionic boron clusters as polar head groups. The 
lipids should be ideal carriers of boron when incorporated 
into liposomes, especially when the liposomes carry a 
targeting unit such as transferrin or other suitable agents.'^ 
Liposomes made from boron-containing lipids can caiTy at 
least the same amount of boron as lipids into which water- 
soluble boron compounds are encapsulated.* 

Li et al" have investigated one lipid with a nido- 
carborane headgroup and found that its in vivo toxicity was 
sufficiently severe to make this lipid of limited if any use 
for BNCT. Nakamura et al found, for the same headgroup, 
that liposomes were not stable when the boron lipid was 
present in 50% mol." Furthermore, the lipid was found to 
be toxic in vivo.'"* For both lipids, no data on cytotoxicity 
are available. 

The authors have recently synthesized three types of 
boron lipids, which all carry the dodecaborate cluster as 
headgroup but have different linkers and frameworks to 
which hydrophobic chains are attached, and investigated their 
cytotoxicity against mammalian cells. Here, the effect 
of these boron cluster lipids was studied in two different 
mouse models, with the aim of checking in vivo toxicity and 
tumor accumulation by the enhanced permeation and reten- 
tion effect.'^ One lipid was found to be toxic when given in 
amounts relevant for BNCT. The other two types of lipids 
led to rapid hemorrhage selectively in the tumor. Magnetic 
resonance imaging (MRI) measurements were performed to 
visualize the development of hemorrhage in the tumor tissue 
after injection of liposomes. 

Materials and methods 

Liposome preparation 

Distearoylphosphatidylcholine (DSPC) and 1,2-distearoyl-sn- 
glycero-3-phosphoethanolamine-N-(methoxy[polyethylene 
glycol]-2000) (DSPE-PEG) were from Lipoid GmbH 
(Ludwigshafen, Germany). Cholesterol was purchased from 
Acros Organics (Geel, Belgium). 

The boron lipids that were used have been described 
previously: B-6-\4,'' THF-S-12,"' THF-S-16, "> and 
B-THF-14.' Details about the preparation and analytics 
of the lipids and their incorporation into liposomes can 
be found in the respective citations. Their cytotoxicity in 
V79 cells is shown in Table 1 . Liposomes were prepared 
from mixtures of DSPC, cholesterol, and the boron lipid 
as indicated in the Results section, together with 2% mol 
(calculated based on the total amount of lipid) DSPE-PEG 



Table I Cytotoxicity of the boron lipids tested 

Boron lipid Cytotoxicity (median effective 

dose [mM] in V79 cells) 

B-6-\4' 3.9 
B-THF-14' 0.38 
THF-S-I2'° 1.5 
THF-S-I6'° 4.8 
Dioxan-S-16"' 3.0 

Notes: Data from Justus et al^ and Schaffran et al.^ Adapted with permission from 
Schaffran T, Burghardt A, Barnert S, et al. Pyridinium lipids with the dodecaborate 
cluster as polar headgroup: synthesis, characterization of the physical-chemical 
behavior, and toxicity in cell culture. Bioconjug Chem. 2009;20{ I I ):2 1 90-2 1 98. 
Copyright © 2009 American Chemical Society.'" 

by hydration, five freeze-thaw cycles, and extrusion 
(21 times through a 100 nm filter) in HEPES-buffered 
saline solution (pH =7.4). 

The ^-potential and the size was measured as described 
by Justus et al.* 

Tumor models 

Mice (BALB/c and C3H) were purchased from Charles River 
GmbH (Sulzfeld, Germany). Tumor cells were implanted 
subcutaneously into the ventral skin or, for MRI, into the 
right hind leg. For BALB/c, CT26.WT cells (CRL-2638; 
American Type Culture Collection, Manassas, VA) were 
used. For C3H, SCCVII cells (provided by Dr Ono; Kyoto 
University Research Reactor Institute, Kyoto, Japan) were 
used. The tumors were allowed to grow until they reached 
a diameter of about 0.5-1 cm. The animals were allowed 
food and water ad libitum. The experiments were approved 
by the State of Bremen, Germany and were carried out in 
accordance with legal requirements. 

Biodistribution and histology 

Liposomes (100 |J,L) were injected into the tail vein. 
After predetermined times, animals were sacrificed. For 
histology, organs were sampled and preserved immedi- 
ately in 5% formalin in phosphate-buffered saline. For 
whole-body sectioning,"" the animals were frozen, embed- 
ded in 5% carboxymethyl cellulose and sectioned with 
a whole-body cryomicrotome. The paraffin sections for 
histology were prepared in the usual way and stained with 
hematoxylin/ eosin. 

Neutron capture radiograms of whole-body sections of 
mice were prepared as described previously."" The freeze- 
dried sections were placed against a Kodak Pathe LRl 1 5 film 
(Kodak Pathe, Paris, France) and irradiated with 4. 10'^ n cm^^ 
at Forschungsreaktor Miinchen II (Garching, Germany). The 
films were etched in 10% NaOH, until the holes penetrated 
the sensitive layer. 
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MRI 

The liposome solution (THF-S-16, 1:1:1 with cholesterol 
and DSPC, containing 2% mol DSPE-PEG) was injected 
as a bolus of 100 jiL into the tail vein of a tumor-bearing 
BALB/c mouse. Under anesthesia, the mouse was placed 
in prone position on an animal bed equipped with a nose 
cone for gas anesthesia (-1.1% isoflurane in oxygen) and a 
temperature-controlled warming blanket in a 7T MRI system 
for small animals (BioSpec® 70/20 USR; Bruker Corporation, 
Rheinstetten, Germany). In order to observe hemorrhage due 
to the destruction of blood vessels by the injected liposomes 
with MRI, T2*-weighted MRI data were acquired using a three- 
dimensional gradient echo fast low-angle shot sequence' with 
the following parameters: repetition time =40 milliseconds, 
echo time =5 milliseconds, excitation pulse width =5 degrees, 
field-of-view =40x20x16 mm, matrix =192x96x32, and 
image resolution =208x208x500 |J,m. The first image for 
this time course was acquired 46 minutes after injection 
of the liposome solution, followed by a further 13 images 
over a time of 140 minutes. For image analysis, the MRI 
data were converted from the proprietary Bruker format 
to NlfTI format (NlfTI-l; National Institutes of Health, 
Bethesda, MD),'^ corrected for body motions using the 



"realign" function as implemented in SPM8 (Wellcome Trust 
Center for Neuroimaging, London, UK)," and converted to 
a four-dimensional data set. Region-of-interest (ROI) based 
analysis was done on a selected single slice cutting through 
the hemorrhagic area using ImageJ software (National Insti- 
tutes of Health, Bethesda, MD).^" Data represent the mean, 
with the error bars representing the standard error of the mean 
of signal intensities in the selected ROIs. 

Results 

The effects of four newly synthesized lipids, with three 
different basic structures, were tested in two different mouse 
tumor models. The structures of the lipids are shown in 
Figure 1. All the lipids contain a dodecaborate cluster as 
the head group, which carries two negative charges. The 
lipid B-6-14 has no gi^oup compensating part of the charge, 
whereas the other lipids have an additional positive charge at 
some distance from the hydrophobic part. These lipids have 
an oxapentane chain (THF lipids) or a bis(oxyethylene) chain 
(Dioxan lipids) between the cluster and the lipid moiety. All 
lipids can form bilayers (either open bilayers or closed vesicles) 
on their own. They can also form liposomes in combination 
with helper lipids.' '" When prepared without DSPE-PEG, the 





B-6-14 



B-THF-14 




THF-S-12 



1- 




THF-S-16 



1- 




Dioxan-S-16 

Figure I Structures of the lipids tested. In the icosahedra, each corner represents a boron atom, which carries an additional hydrogen atom if not substituted by an oxygen 
or sulfur atom. The dodecaborate cluster unit (Bi^Hn) carries a double negative charge, which is not shown for clarity. 
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liposomes have ^-potentials of around -45 mV to -60 mV, 
slightly dependent of the lipid used, while the addition of 
DSPE-PEG reduces this to -5 mV, which is the value observed 
for liposomes prepared without a boron lipid. The sizes of the 
preparations were between 100-130 nm, both in the absence 
and the presence of PEG lipids. 

Biodistribution in tumor models 

For the investigations in vivo, only lipids with median effective 
dose toxicity in vitro above 3 mM were chosen.^"'" 

Two different tumor models were used for investigating 
the biodistribution: CT26.WT colon carcinoma (in BALB/c 
mice) and SCCVII murine squamous cell carcinoma (in C3H 
mice). The liposomes consisted of the boron lipid, choles- 
terol, and DSPC in varying ratios, and all contained 5% mol 
DSPE-PEG. One lipid, B-THF-14, led to the death of two 
animals within 5 minutes after the injection and was there- 
fore not investigated further. The other lipids, given in the 
same amounts of 20 mg boron/kg body weight, were well 
tolerated by the animals. 

Upon whole-body cryosectioning of the animals injected 
with any of the lipids (THF-S-12, THF-S-16, Dioxan-S-16, 
or B-6-14), both of the tumor types were found to be dark 
red due to red blood cells; in contrast, the tumors in untreated 
animals consistently showed no macroscopically visible 
bleeding (Figure 2A-E). Hemorrhage occurred rapidly and 
was visible in the tumor in situ within about 1 hour. 

In one animal to which THF-S-12 had been administered 
intravenously through the tail vein, death occurred within 2 hours 
after administration. Upon biopsy, it was found that some of 
the tumor cells had been injected unintentionally into the 



peritoneal cavity during subcutaneous implantation and had 
grown there, forming numerous tumor nodules. Upon biopsy, 
the peritoneum was found to be filled with blood; thus, the 
animal might have died from severe blood loss. 

Neutron capture radiography"" showed that boron con- 
centration was high in the liver and spleen (despite the fact 
that the liposomes were pegylated) (Figure 2F). The concen- 
tration of boron in the tumor was similar to that in blood, 
as expected from the large amount of erythrocytes found in 
the tumor. Uptake in the liver and spleen was considerably 
higher, in agreement with the experience of others with other 
boron lipids."-^' 

Histology 

Both types of tumors, injected with THF-S-12, THF-S-16, 
and Dioxan-S-16, were subjected to histological staining. In 
histology, pronounced hemorrhage was visible (Figure 3). 
The macroscopically visible red color of the tumors is most 
probably exclusively associated with extravasated red blood 
cells. Hemorrhage was classified as light, moderate, or heavy 
upon inspection of the microscopy slides (Figures 3A, 3B, 
and 3C, respectively). 

The induction of hemorrhage was found to be correlated 
to the total amount of injected boron lipid, and was only 
moderately affected by the presence of helper lipids (Table 2). 
In view of the invariably found hemorrhage at therapeutically 
relevant amounts given, no further systematic study was 
carried out, relating dose of boron lipids or their concentra- 
tion in liposomes to the occurrence of hemorrhage. 

There appeared to be a slight difference between the 
two tumor types as none of the prepared SCCVII exhibited 











■ '"HBh^ ■ ' ' Tumor 



Figure 2 Photographs of mice embedded in carboxymethyl cellulose during cryosectioning. 

Notes: (A) BALB/c without treatment; (B) BALB/c with THF-S-12 3 hours after injection; (C) BALB/c with THF-S-16 22 hours after injection; (D) C3H with THF-S-12 4 
hours after injection; (E) BALB/c with B-6-14 20 hours after injection; and (F) neutron capture radiogram of BALB/c THF-S-12 4 hours after injection {tumor, spleen, and 
liver are labeled). High boron concentrations are indicated by a darker color. 
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Figure 3 Photographs of histological sections of tumors. Sections were stained with hematoxylin/eosin. 

Notes: (A) CT26.VVT untreated; (B) SCCVII treated with THF-S-12 (130 ng boron per animal): and (C) CT26.WT treated with THF-S-12 (130 jig boron per animal). 
(B) was classified as moderate hemorrhage and (C) as heavy hemorrhage. 



heavy hemorrhage, only moderate hemorrhage at the highest 
dosages of boron Hpid. 

Other healthy tissues were examined and were not found 
to be affected by the liposomes. 

MRI 

Hemorrhage leads to a locally increased concentration of 
deoxygenated hemoglobin, decreasing the T2* relaxation 
in this area. Since gradient echo MRI methods are intrinsi- 
cally sensitive for T2*, a fast low-angle shot sequence" 
was used. 

In the area of the tumorous tissue, MRI revealed a signal 
decrease which was not observed in healthy muscle tissue 
serving as control. As depicted in Figure 4A, the signal 
decrease started around 100 minutes after injection of the 
liposomes (time point "b"). In contrast, the signal of healthy 
muscle tissue stayed constant, while in the tumorous tissue 
it decreased almost linearly during the next 90 minutes and 
leveled off afterwards. Figure 4B shows MRI at different 
time points with the corresponding ROIs of tumor and muscle 
tissue. The selected ROI of the tumor covered areas with and 
without hemorrhage; thus, the signal decrease would have 
appeared much more pronounced if only the hemorrhagic 
area would have been analyzed. 



The onset of hemorrhage agrees with the visual 
observation of the tumor, where a strong reddening of the 
underlying tissue was observed after about 1 hour. 

Discussion 

The lipids used in this study all carry, as a hydrophilic head- 
group, a dodecaborate cluster, with two negative charges. 
Different linkers between the negatively charged boron 
cluster and the hydrophobic moiety were used, and all lipids 
except B-6-14 carry an additional functional group with a 
positive charge under physiological conditions. B-TIIF-14 
was toxic to the animals; its cytotoxicity was a little more 
pronoimced than that of the other lipids (median effective 
dose of 0.38 mM as compared to 1 .5^.8 mM for the other 
lipids tested). The other boron lipids all led to the same 
effect - a massive hemorrhage in the tumors - despite the 
difference in their structures and the difference in the charge 
(B-6-14 carries two negative charges, whereas the others have 
only one negative net charge). 

It is of special interest to note that all of the boron lip- 
ids had been tested for toxicity in cell culture before they 
were used in the animal models. The most cytotoxic boron 
lipid prepared by the authors was Dioxan-S-12 (similar to 
Dioxan-S-16 used here, but with only 12 carbon atoms in the 



Table 2 Induction of hemorrhage by Dioxan-S-16 and THF-S-16 



B lipid 


B:Cho:DSPC ratio 


DSPC dose per animal (^mol) 


B (^g) per animal 


Degree of hemorrhage 


Mouse 


Dioxan-S- 1 6 


0.5:1:1.5 


10 


43 


Light 


BALB/c 


Dioxan-S- 1 6 


0.5:1:1.5 


10 


43 


Light 


C3H 


Dioxan-S- 1 6 


1:1:1 


10 


130 


Heavy 


BALB/c 


Dioxan-S- 1 6 


1:1:1 


10 


130 


Moderate 


C3H 


Dioxan-S- 1 6 


0.25:1:1.75 


18 


130 


Moderate 


BALB/c 


Dioxan-S- 1 6 


0.25:1:1.75 


18 


130 


Moderate 


C3H 


THF-S-16 


0.25:1:1.75 


5.8 


22 


Little to light 


BALB/c 


THF-S-16 


0.5:1:1.5 


5.0 


43 


Light 


BALB/c 


THF-S-16 


0.75:1:1.25 


4.2 


65 


Moderate 


BALB/c 



Abbreviations: B, Boron; Cho, cholesterol; DSPC, distearoylphosphatidylcholine. 
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Figure 4 (A) Graphical representation of mean signal intensities ± SEM of the tumor and normal muscle (control) tissue. 

Notes: The development of hemorrhage is visualized by the signal loss (c-d). (B) Magnetic resonance images (fast low-angle shot) of regions of interest at selected time 
points (a— d) illustrating the signal changes plotted in the graph. 
Abbreviation: SEM, standard error of the mean. 



hydrophobic chain).'" While cytotoxicity is relatively easy to 
measure, it does not always appear to be a good predictor for 
in vivo effects. For example, B-THF-14 was toxic to animals 
within minutes, whereas the other lipids were tolerated well. Of 
the lipids used here, B-THF-14 was the most toxic in cell cul- 
ture, with a toxicity similar to dioctadecyldimethylammonium 
bromide, commonly used for transfection experiments.^^ For 
the other lipids, histology of selected healthy tissues (including 
the liver and spleen, where the highest boron concentrations 
are observed) showed no adverse effects. Therefore, the induc- 
tion of hemorrhage in the tumors came as a surprise. For this 
study, a minimal number of animals were used, but the effect 
would not have been seen when relying on cell culture only, 
or when studying animals not canying a tumor. 

It was assumed that the massive hemorrhage observed 
was caused by destruction of the tumor blood vessels. Hem- 
orrhage in the tumor could occur when only blood vessels in 
the tumor are destroyed selectively. Healthy tissue was not 
found to be affected by the boron lipids. 

In the absence of DSPE-PEG, all of the lipids tested 
here resulted in liposomes which have a negative ^-potential 
(around -45 mV to -60 mV). The PEG layer shields the 
charge to values of around -25 mV. Nevertheless, if the 
assumption of selective damage to the tumor vasculature is 



connect, the liposomes appear to interact with the walls of the 
blood vessels, either with the basement membrane or the cells 
of the endothelial lining. Interaction of positively charged 
liposomes with tumor blood vessels is known.-^ 

Selective destruction of blood vessels has been observed 
before by TNFa in combination with melphalan,^"* by mul- 
tiple doses of doxorubicin-containing liposomes,^^ and by a 
combination of galactosamine and endotoxin.^'' Overexpres- 
sion of some isoforms of VEGF also leads to hemorrhage.^'' 
As an induction of VEGF production would require at least 
several hours, this is not considered to be a likely cause of 
the effect observed with the boron-containing liposomes. 
One might hypothesize that the opening of the tumor blood 
vessel walls by the boron lipids could be caused by the 
induction of apoptosis in the cells of the endothelial lining 
of blood vessels in the tumor.^' This hypothesis is supported 
by the rather rapid onset of visible hemorrhage in the tumor, 
and the death of the one animal where the tumor had been 
inadvertently placed in the peritoneum. The hypothesis of 
induction of apoptosis will be investigated further, by look- 
ing for specific apoptosis markers in the tumors. Preliminary 
experiments have shown that liposomes containing these 
boron lipids are taken up by cells, and especially by human 
umbilical vein endothelial cells. 
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Koganei et aP' have used a similar boron lipid in mice. 
Liposomes were prepared which contained both the boron 
lipids and BSH as a liposome-encapsulated BNCT agent, 
and neutron irradiation led to considerable reduction of the 
growth of tumors. The amount given to the animals (10 |J,g 
boron per gram body weight) was, however, not sufficient for 
a successful therapy in the absence of encapsulated BNCT 
agents, and only with the encapsulated water-soluble boron 
drug BSH, a therapeutic effect with BNCT could be observed. 
At the lowest dose tested in this work (22 |j,g boron per gram 
body weight), very little hemorrhage was found. It can thus 
be assumed that in the experiments by Nakamura et al hemor- 
rhage was not induced by the boron lipid due to the smaller 
amount administered in those experiments. 

The pattern of uptake in healthy tissues of the boron 
lipids tested here is similar to that of other boron lipids 
described. Liver and spleen are the organs where most 
boron is found. For therapy, this is of no consequence if these 
organs are not exposed to the neutron beam. 

Induction of hemorrhage in tumors has not been described 
with non-lipid boron compounds, even when the substances 
were toxic to animals. Therefore, it is assumed that the 
events leading to hemorrhage are caused by the specific 
amphiphilic character of the lipids used in this study. 

The induction of tumor hemorrhage for BNCT is not a 
desired effect, even when the lipid would show very favorable 
distribution and retention patterns. For the lipids investigated 
here, tumor uptake was not very impressive, most probably 
caused by the rapid onset of hemorrhage and the filling of the 
tumor with blood, and thus these lipids would not be useful 
as boron carriers for BNCT. 

The lipids investigated all carry an overall charge 
of -I or -2, and the charge might be responsible for the 
observed effect. The authors, therefore, intend to prepare 
boron-containing lipids with no net charge or a net charge 
of +1 to see whether such lipids also cause hemorrhage. 
If this would be the case, the observed effect might be 
caused by the properties of the boron cluster. They have 
recently been shown to exhibit an unusual pattern of 
hydration" and were found to interact with carbohydrate 
chromatography matrices and lipid head groups attached 
to silica gel.'* " These findings might also have relevance 
for the development of non-lipid drugs for BNCT. If, how- 
ever, hemorrhage would not be observed with neutral or 
positively charged dodecaborate lipids, such lipids might 
be used for accumulation of boron in tumors through the 
enhanced permeation and retention effect'^ or with targeted 
liposomes.'** 



Conclusion 

In conclusion, negatively charged lipids containing the 
dodecaborate anion as the headgroup have been investigated 
for in vivo pharmacodynamics in two animal models. All the 
boron lipids investigated for potential use in BNCT lead to 
hemorrhage in tumor tissue within the first 1-2 hours after 
application. As this phenomenon is undesired, their usage 
for BNCT deserves fiarther discussion. Other strategies with 
different net charges using the same boron cluster, or with 
different clusters, must be tried for applying boron lipids 
successfully to BNCT. 
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